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HYDROPHONE  PHASE  STABILITY  ANALYSIS 
AT  FREQUENCIES  BELOW  100  Hz 


INTRODUCTION 

For  many  years,  the  Underwater  Sound  Reference  Detachment  (USRD)  has  provided  a 
variety  of  broadband  environmentally  stable  transducers  and  hydrophones  for  use  by  the 
underwater  acoustic  community.  The  mission  and  program  of  the  USRD  have  consistently 
focused  on  the  development  of  new  or  improved  underwater  acoustic  standards,  which  is 
determined  primarily  by  user  needs  or  the  advancing  state-of-the-art. 

In  more  recent  years,  increased  efforts  in  the  detection  of  acoustical  energy  by  passive 
sonar  signal  processing  have  emphasized  the  need  for  high-resolution  phase  measurements. 
The  Navy  depends  on  measurements  of  electrical  phase  between  acoustic  sensors  for  surveil- 
lance systems,  sound  propagation  information,  antisubmarine  warfare,  and  oceanographic 
efforts.  To  effectively  determine  the  phase  characteristics  of  an  unknown  hydrophone 
requires  a reference  standard  with  well-defined  phase  characteristics.  The  reference  standard 
should  have  a phase  response  that  is  constant  with  frequency  and  environmentally  stable. 


PURPOSE 

The  purpose  of  this  investigation  was  to  identify  the  problems  associated  with  acoustic 
calibration  measurements  related  to  a change  of  phase  in  the  electroacoustic  instrumenta- 
tion (especially  in  the  hydrophone  sensor  and  preamplifier,  at  infrasonic  and  low-audio 
frequencies).  The  intent  was  to  implement  a design  criterion  for  a phase-stable  piezoelectric 
reference  standard  hydrophone  for  use  at  infrasonic  and  low-audio  frequencies,  in  the 
temperature  range  -2  to  +40°C  and  at  hydrostatic  pressures  to  70  MPa. 


THE  HYDROPHONE  SENSOR-PREAMPLIFIER 

Many  of  the  problems  associated  with  calibration  measurements  relating  to  the 
acoustic  phase  are  inherent  to  the  hydrophone  sensor  and  preamplifier  input  impedance. 
Figure  1 shows  a simplified  diagram  of  a typical  hydrophone  circuit  where  Cs  is  the  sensor 
capacitance,  C j is  the  input  coupling  capacitor,  R2  is  the  calibration  resistor,  and  Rl  is  the 
fixed  input  impedance  of  amplifier  A 1.  Given  that  A 1 does  not  have  an  internal  phase  shift, 
Cx  is  about  two  orders  of  magnitude  greater  than  Cs,  and  the  frequency  is  well  below  the 
fundamental  electroacoustic  resonance  of  the  sensor,  then  the  circuit  components  can  be 
lumped  into  a simple  RC  circuit. 


Manuscript  submitted  March  27,  1979. 
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Fig.  1 — Simplified  schematic  of  a typical 
hydrophone  circuit 


Fig.  2 — Firat  order  high- 
pass  filter 


The  sensor  capacitance  and  the  input  resistance  combined  form  a first-order  high-pass 
filter,  as  shown  in  Fig.  2.  The  frequency -response  function  for  sine-wave  inputs  is 


F(co)  = — = 
ei 


juRCs 
1 + juRC 


(1) 


Equation  (1)  gives  both  gain  and  phase  for  the  circuit.  The  gain  or  amplitude  A is  obtained 
by  taking  the  square  root  of  the  sum  of  the  squares  of  the  real  and  imaginary  parts: 


o 


e,  ~ (1  + l/w2K2Cf2)*  ' 

The  break  frequency  or  down  frequency  of  - 3 dB  is  given  by 

1 


-3  dB 


= fn 


=>  RC . 


2ttKC 


where  oj0  = 2nfa.  Substituting  Eq.  (4)  in  Eq.  (2)  leads  to 


V-* 


1 + 


CJ 


or  I 1 + 


fo! 

f2 


V-V4 


The  low-frequency  filter  attenuation  or  low-frequency  roll-off  in  decibels  for  any  fre- 
quency f is 


(2) 

(3) 

(4) 

(5) 


20  log  A =-10  log  { 1 +■ 


(6) 
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The  tangent  of  the  phase  angle  0 is  given  by  the  ratio  of  the  imaginary  and  real  parts  of  the 
filter  impedance,  which  from  Eq.  (1)  will  give 


0 = tan 


1 


If  desired,  Eq.  (4)  can  be  substituted  in  Eq.  (7)  yielding 


0 = tan 


'(f)' 


A plot  of  the  amplitude  and  phase  as  a function  of  frequency  is  shown  in  Fig.  3.  The 
slope  of  the  amplitude  is  6 dB  per  octave  or  20  dB  per  decade.  The  figure  shows  that  the 
amplitude  is  not  constant  with  frequency  until  the  frequency  is  a decade  above  fQ  and  the 
phase  is  not  constant  until  two  decades  above  fc.  Therefore,  if  a hydrophone  is  to  have  a 
constant  phase  response  down  to  some  low  frequency  f,  then  the  break  frequency  fQ  would 
have  to  be  set  two  decades  below  f. 
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Fig.  3 — Amplitude  (A)  and  phase  angle  (0)  of  a first-order  high-pass  filter 
as  a function  of  frequency 


Only  the  first-order  high-pass  filter  has  been  analyzed  for  the  hydrophone  input  for 
several  reasons.  First,  for  a piezoelectric  sensor  hydrophone  its  use  is  virtually  a physical 
inevitability.  The  sensor  will  always  have  some  finite  capacitance  and  the  preamplifier  some 
finite  input  impedance.  Second,  a first-order  filter  is  easily  implemented  in  very  high 
impedance  circuits  and  presents  a minimum  insertion  loss.  Finally,  and  most  important  for 
this  investigation,  it  has  a lower  and  smoother  phase  shift  than  higher  order  filter  networks. 


RADIATION  LOAD  EFFECTS 


The  sensor  is  analogous  to  a sphere,  regardless  of  its  specific  configuration  for  purposes 
of  phase  analysis  in  the  infrasonic  and  low-audio  frequency  ranges  where  the  dimensions  of 
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a hydrophone  sensor  are  very  small  compared  to  the  acoustic  wavelength.  Tire  lumpcd- 
parameter  equivalent  circuit  for  a thin-walled  ceramic  sphere  vibrating  radially  without  load 
is  given  in  Ref.  1 and  is  shown  in  Fig.  4.  (\,  is  the  dampisl  electrical  capacitance,  N is  the 
electromechanical  transformer  ratio,  Cw  is  the  mechanical  compliance,  is  the  equivalent 
mechanical  mass,  and  is  the  mechanical  resistance  due  to  losses  in  the  material. 


Fig  4 humped -constant  equiva- 
lent circuit  for  a thin  walled  ce 
ramie  sphere  vibrating  radially 
without  load 


-a 

j | ' mm 


Removing  the  transformer  in  the  circuit  of  Fig.  4 and  adding  a voltage  generator  c,  to 
represent  the  transformed  voltage  due  to  the  incident  sound  pressure,  anil  a parallel  resist- 
ance and  inductance  to  represent  the  water  load,  the  equivalent  circuit  shown  in  Fig.  5 is 
oh  taint'll.  The  reactive  part  of  the  radiation  impedance  is  M K = S0p0a0  and  the  resistive 
part  is  Rh  = S0p0c0  , where  Sa  = lira,,2  w ith  «(1  the  outer  radius  of  the  sphere,  p(>  is  the 
density  of  water,  and  clt  is  the  speed  of  sound  in  water. 


Kig.  5 — Equivalent  circuit  for  » thin  walled 
ceramic  spherical  sensor  with  radiation  load 
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Any  difference  in  the  acoustic  phase  between  the  loaded  and  the  unloaded  spheres  is 
obviously  caused  by  the  radiation  load  impedance.  The  phase  angle  </>  as  a result  of  the  radia- 
tion load  is  given  by  the  ratio  of  the  imaginary  and  real  parts  of  the  radiation  impedance. 


= tan  1 


The  wave  number  k = 2ir f/c0-  Then, 


<t>  = tan " 1 kao . 


(0) 


(10) 


Figure  6 is  a graph  of  F.q,  (10),  which  is  the  phase  difference  between  a loaded  and  an 
unloaded  hydrophone. 
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Kin  I*  Phase  difference  ill  degrees  lietween  a loaded 
and  an  unloaded  sphere  as  a function  of  fcn,, 


If  wo  consider  a typical  spherical  sensor  clement  with  radius  <>(1  2.5-1  cm  at  a fre- 
quency of  100  II/.,  then  ka0  0.01  and  <,*>  0.6°.  Thus,  for  values  where  ka0  0.01 , the 

difference  in  phase  due  to  the  radiation  load  on  the  sensor  is  negligible.  As  kalt  approaches 
10  the  difference  between  the  unloaded  and  loaded  phases  will  be  less  than  0.1°. 

This  leads  to  several  conclusions.  First,  within  the  constraint  that  kalt  v.  10  ;i,  bench 
top  measurements  of  electrical  phase  via  a calibration  circuit  w ill  have  the  same  value  as 
those  derived  acoustically , because  the  electrical  generator  c,  of  Fig.  5,  representing  the 
sound  pressure,  is  equivalent  to  die  calibrate  input  signal  of  a hydrophone  with  a conven 
tional  calibration  circuit.  This  conclusion  will  he  discussed  further  in  the  next  section.  Next, 
the  phase'  calibration  of  a standard  hydrophone  can  be  verified  m situ  or  can  be  accom 
plished  anytime  during  a calibration  as  needed  via  tin-  calibration  circuit.  An  in-situ  phase 
calibration  of  a loaded  hydrophone  can  also  be  accomplishes!  as  a function  of  pressure, 
temperature,  and  frequency.  Under  these*  conditions  a constant  phase  standanl  hydrophone 
is  not  a requisite;  only  the  ability  to  measure  the  phase  is  required.  For  a ka0  0.001,  a 
bench  measurement  of  phase  can  be  accomplished  and  the  results  corrected  by  the  value  of 
tan  1 ki i(,  to  give  the  equivalent  loaded  nliasc  response. 

Other  physical  effects  of  a hydrophone  in  a sound  field  are  given  in  Appendices  A 
and  R. 
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ANALYSIS  OF  A CALIBRATION  CIRCUIT  FOR  PHASE  MEASUREMENTS 

When  the  phase  is  determined  via  a calibration  circuit,  concern  is  not  with  the  actual 
amplitude  of  the  calibrator  input  or  output  signal  as  in  a hydrophone  coupling  measure- 
ment, but  only  with  the  phase  difference  between  the  input  signal  and  the  hydrophone 
output.  However,  even  though  the  measurement  is  straightforward  in  theory,  some  restric- 
tions exist  which  determine  the  ultimate  accuracy  of  the  measurement. 

Figure  7,  from  Ref.  2,  depicts  a hydrophone  represented  by  a Thevenin  generator 
with  stray  impedances  shown  in  heavy  dashed  lines.  The  sensor  is  represented  by  the  genera- 
tor open-circuit  voltage  cM  in  series  with  generator  impedance  Zg.  The  calibration  resistor, 
typically  10  S2,  is  small  so  that  it  does  not  attenuate  the  voltage  eoc,  and  therefore  the  cali- 
bration input  voltage  e,  is  essentially  an  open-circuit  voltage  across  the  resistor;  thus,  ei 
simulates  eoc.  The  voltage  e,  is  measured  across  a second  external  10-J2  resistor  shown  as  e\. 


Fig.  7 — Hydrophone  circuit  as  represented  by  a Thevenin  gener- 
ator and  a preamplifier.  Stray  impedances  are  shown  in  heavy 
dashed  lines. 


For  infrasonic  and  low  audio  frequencies,  the  calibration  circuit  can  be  represented 
as  a lumped-parameter  system  as  show  > in  Fig.  8.  The  hydrophone  cable  resistance  is  showm 
as  Rc,  the  cable  capacitance  is  Cc,  and  the  calibration  resistors  are  Rl  and  R2  respectively. 
The  voltage  e\  is  given  by  the  product  of  R1  and  loop  current  i1 , and  the  resulting  voltage 
at  the  internal  calibration  resistance  is  e,  = *2^2 - The  ratio  of  i2 /*i  is  equal  to  the  ratio  of 
e,/ej.  Solving  for  i2  and  ix  and  the  ratio  i2/ij  gives 


h,  _ 1 

ix  1 +juCcRT 

where  RT  is  the  total  resistance.  The  phase  angle  of  the  voltage  e,  and  e\  is  then 

<t>  = tan-1  ( ~ojCcRt ). 


(ID 


(12) 
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Fig  8 --  Lumped-parameter  equivalent 
calibration  circuit  at  infraaonic  and  low 
audio  frequencies 


For  a typical  case  the  cable  resistance  for  a 30-m  cable  is  about  2 12  and  the  cable 
capacitance  is  -14.3  X 10  10  F.  With  10-12  calibration  resistors  the  resulting  phase  angle  e> 
at  100  Hz  would  be  0.0017°. 

For  phase  measurement  purposes  at  low  frequencies,  cj  will  be  of  the  same  phase  as 
c,  if  the  reactive  part  of  the  cable  impedance  is  several  orders  of  magnitude  greater  than  the 
calibration  resistors.  Under  the  same  frequency  and  impedance  restrictions,  the  cable  can 
be  several  hundred  motors  long.  This  analysis  does  not  imply  an  accurate  determination  of 
the  magnitude  of  e'  due  to  the  real  part  of  the  cable  impedance  but  merely  an  accurate 
determination  of  phase. 


CHARGK  EFFECTS  ON  LONG  TIME-CONSTANT  HYDROPHONES 

The  RC  time  constant  (TC)  is  about  16  s for  a hydrophone  with  a constant  phase  down 
to  1 Hz  (f0  - 0.01  Hz).  The  long  TC  makes  the  preamplifier  very  susceptible  to  charge 
voltages  generated  by  the  sensor  due  to  slight  changes  in  hydrostatic  pressure  or  temper- 
ature. The  charge  biases  off  the  input  transistor  of  the  preamplifier  because  it  cannot  be 
rapidly  dissipated.  In  small-volume,  high-pressure  systems,  hydrostatic  and  thermodynamic 
equilibrium  is  difficult,  if  not  impossible,  to  realize.  Therefore,  the  hydrophone  can  be 
inoperative  for  several  minutes  after  a pressure  or  temperature  change,  and  can  remain 
inoperative  if  slight  changes  persist. 

The  preamplifier  input  voltage  can  be  represented  as  shown  in  Fig.  9 if  the  sensor- 
element  output  voltage  is  generated  by  changes  in  hydrostatic  pressure  or  temperature.  The 
sensor-output  charge  voltage  q as  a function  of  time  t is  cs(f);  Cg  is  the  free  capacitance 
of  the  sensor;  R is  the  total  shunt  resistance  across  Cs:  and  e((f)  is  the  voltage  input  at  the 
preamplifier  FET.  The  equation  forest)  in  this  circuit  is 

et(0-Ri(t)  + -~j‘i(t)dt,  t>0.  (13) 


Fig.  9 — Simplified  equivalent 
circuit  for  hydrophone  input 
charge  voltages 
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If  e,(/)  is  defined  as  a linear  filia  tion  of  time,  then  a solution  of  Kq.  ( 1 3)  for  <•,( r ) is 

Rt(t)  = e.(f)  = ARC(l~e  f>t),  t > 0, 


(Ml 


where  b = l IRC  (derivation  of  this  equation  is  given  in  Appendix  (')  and  A is  a constant 
linear  function  in  the  time  domain.  Tints  A MdP/dt  + OdO/dt  vvl  a*  the  time  differen- 
tials are  constants.  Then  Af  piezoelectric  pressure  sensitivity  of  the  acoustic  sensor  in 
volts  per  unit  pressure,  dP/dt  constant  rate  of  change  of  pressure  with  time,  0 
pyroelectric  sensitivity  of  the  acoustic  sensor  in  V/°C,  and  dO/dt  constant  rate  of  change 
of  temperature  with  time: 


eit)  = (MdP/dt  + OdO/dt)RC(  1 c 6f).  t > 0. 


(15) 


If  Kq.  ( 15)  is  normalized,  then  the  classical  resistor  voltage  transient  curve  for  an  RC 
circuit  as  shown  in  Fig.  10  is  obtained,  where 


(16) 


Fig  10  — Normalized  charge  voltage 
at  the  hydrophone  preamplifier  input 
for  all  general  hydrophone  cases 


Figure  10  now  represents  all  general  hydrophone  cast's.  For  a specific  cast',  e,(()  as  a func- 
tion of  temperature  and  hydrostatic  pressure  is  simply  the  product  of  the  abscissa  value  and 
( MdPIdt  + OdO  ldt)RC. 

Now  consider  a hydrophone  with  a spherical  sensor  of  Navy  Type  1 material  |3)  with 
an  outside  radius  of  1.27  cm  and  an  inside  radius  of  0.95  cm.  The  nominal  open-circuit 
sensitivity  is  about  -200  dB  re  1 V/uPa,  and  the  nominal  capacitance  is  5.5  X 10  9 F.  The 
physical  dimensions  give  a ka0  < 0.005  at  frequencies  below  100  Hz.  With  a preamplifier 
input  impedance  of  2.9  X 109  J2,  the  time  constant  RC  = 16  s.  The  hydrophone  thus  meets 
thff  design  criterion  for  a constant  phase  response  at  frequencies  down  to  1 Hz. 

Now,  using  Kq.  (15),  the  charge  voltage  e,(f)  that  can  exist  at  the  input  of  the  hydro- 
phone preamplifier  as  a function  of  temperature  and  hydrostatic  pressure  is  evaluated. 
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First,  the  absolute  value  of  the  charge  voltage  at  a constant  temperature  is  given  as  a func- 
tion of  time  and  pressure: 

|e,(f)| o = (MdPldt)RC  (1  - e"5'),  (17) 

where  IiC  - 16  s,  M = - 200  dB  re  1 V/yPa  or  10~4  V/Pa , and  dP/dt  is  a linear  change  of 
hydrostatic  pressure  with  time.  Figure  11  shows  the  charge  volt-'te  generated  for  three 
specific  dP/dt  rates. 


2 4 


2 2- 


Fig.  11  — Absolute  value  of  the  charge  voltage  at  the 
preamplifier  input  at  a constant  temperature  as  a function 
of  three  dP/dt  rates  for  a specific  hydrophone 


Also  shown  in  Fig.  11  is  the  range  of  the  absolute  value  of  the  pinch-off  voltage  Vp  for 
an  FET  (2N4867)  commonly  used  as  the  input  stage  in  hydrophone  preamplifiers.  When  the 
voltage  between  the  gate  and  source  ( VGS ) of  the  transistor  is  such  that  \VGS\>\Vp\,  then 
the  channel  current  of  the  FET  is  cut  off.  For  a specific  transistor,  Vp  will  be  some  specific 
value  within  the  Vp  range.  If  Vp  is  at  the  lower  end  of  the  voltage  range  and  the  dP/dt  rate 
is  575  Pa/s  (25  psi  in  5 min),  after  24  s the  charge  voltage  will  approach  Vp.  When  this 
happens,  in  the  lexicon  of  the  art,  “the  hydrophone  is  blocked,”  and  measurements  must 
wait  until  it  decides  to  “wake  up.” 

For  a Type  I material  the  pyroelectric  effect  below  80°C  is  0.026  X 10-6  coul/cm2°C. 
For  the  hydrophone  under  consideration,  the  pyroelectric  sensitivity  will  be  about  72 
V/°C  (see  Appendix  D for  computation  of  the  pyroelectric  sensitivity).  The  absolute  value  of 
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the  charge  voltage  at  a constant  pressure  as  a function  of  time  and  temperature  from  Eq. 
(15)  is 

|e,(t)|  =(0d0ldt)RC(l-  e~6t),  (18) 

p 

where  RC  = 16  s,  0 = 72  V/°C,  and  dO/dt  is  a linear  change  of  temperature  with  time. 

Figure  12  shows  |e,(f)|  for  three  specific  dO/dt  rates.  A very  small  temperature  change 
such  as  0.001°C/s  (0.3®C  in  5 min)  develops  sufficient  voltage  to  block  an  average  FET. 


Fig.  12  — Absolute  value  of  the  charge  voltage  at  the 
preamplifier  input  at  a constant  pressure  as  a function 
of  three  dO/dt  rates  for  a specific  hydrophone 


Figures  11  and  12  present  e,(f)  in  terms  of  absolute  values  because  the  charge  polarity 
will  depend  on  whether  the  pressure  or  temperature  is  increasing  or  decreasing  and  upon  the 
polarization  of  the  crystal-preamplifier  connections.  Also,  the  presented  analysis  is  idealized 
because  in  reality  dP/dt  and  dO/db  are  not  linear,  but  exponential  functions.  However,  the 
analysis  does  demonstrate  that  the  hydrostatic  pressure  and  temperature  changes  will 
generate  a charge  voltage  at  the  preamplifier  input  which  can  be  detrimental  if  the  TC  is 
large.  The  effect  of  the  temperature  change  could  add  to  or  subtract  from  the  effect  of  the 
pressure  change,  depending  upon  whether  the  temperature  increases  or  decreases.  Either 
condition  could  be  experienced,  but  the  worst  case  should  be  anticipated;  that  is,  the  effects 
add. 
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PIKZOKU'XTIUD  MATKKIAIi  CONSIDERATIONS 

If  a hydrophone  is  to  have  a constant  phase  response  down  to  1 II/.  with  sensor  restric- 
tions of  ka0  ■ 0.005  at  ( - 100  11/.  and  if  good  acouslie  sensitivity  and  a hydrostatic 
pressure  capability  of  70  MI’a  are  added  to  the  specifications,  then  certain  material  limita- 
tions exist  that  will  cause  some  design  compromises.  In  the  previous  example,  the  TC  for  the 
hydrophone  would  he  16  s.  This  gives  the  restriction  that  either  the  sensor  capacitance  has 
to  he  large  or  the  preamplifier  input  impedance  very  high.  Setting  the  preamplifier  input 
impedance  in  a partial  range  of  10!)  to  It)10  12  puts  the  sensor  capacitance  in  the  range  of 
1.6  X 10  9 to  1.6  X 10 

If  the  sensor  were  constructed  of  lithium  sulfate  or  lead  mctaniohate,  a large  number 
of  crystals  would  he  needl'd  to  get  the  desired  capacitance,  and  the  desired  kat,  would  he 
exceeded.  However,  both  materials  would  he  suitable  for  high-pressure  applications,  with 
lithium  sulfate  being  the  preferred  material  hut  having  the  lowest  dielectric  constant  ( 10.8). 

Kxamination  of  the  lead  zireonate  titanate  materials  would  lead  to  the  exclusion  of 
Navy  Type  11,  because  its  dielectric  constant  and  sensitivity  vary  with  hydrostatic  pressure 
| -1 ) . Depolarization  may  occur  in  some  configurations  at  pressures  to  70  MI’a.  In  most  cases 
the  Type  11  material  is  the  most  desirable  of  the  Navy  types  because  it  has  the  highest 
dielectric  constant.  It  is  suitable  for  applications  from  about  10  to  .‘10  MI’a  with  the  exact 

pressure  limit  depending  on  the  dimension  and  configuration  of  the  sensor,  hut  it  is  not  , 

appropriate  in  this  cast'. 

Type  1 and  Type  III  materials  art'  the  most  stress  resistant  of  the  Navy  materials. 

Type  1 material  has  a moderately  high  dielectric  constant  anil  has  been  used  with  good 
results  in  high-pressure  applications.  The  Type  111  material  is  a high-stress  ceramic  with  the 
lowest  dielectric  constant  compared  to  the  Type  1 and  Type  11  materials,  but  its  dielectric 
constant  is  four  times  higher  than  lead  metaniobate  and  two  orders  of  magnitude  higher 
than  lithium  sulfate.  Kven  though  the  Type  1 and  Type  111  materials  are  more  stress  re- 
sistant, their  sensitivities  and  dielectric  constants  still  vary  as  a function  of  hydrostatic 
pressure  1 4 1 . 

Two-dimensional  stress  data  on  some  radially  polarized  capped  cylinders  of  Type  1 
and  Type  111  materials  with  different  diameter-to-wall  thickness  ratios  (<//f)  are  given  in 
Table  1.  In  each  case,  ka0  < 0.01  at  100  II/..  The  table  indicates  the  material  type  and  the 
d/t  ratio;  Ak  :1  is  the  percentage  of  change  in  the  relative  dielectric  constant,  and  AMlt 
represents  the  change  in  acoustic  sensitivity  (dlt  re  1 V/p/’a)  in  the  flat  portion  of  the 
response.  In  this  discussion,  more  concern  is  placed  on  the  dielectric  constant  than  on 
sensitivity  because  of  its  direct  effect  on  the  sensor  capacitance  and  phase.  The  table 
shows  that  the  dielectric  constant  has  decreasixl  by  57'.’  in  two  of  the  sensors  at  70  MI’a. 

The  decrease  in  dielectric  constant  represents  an  increase  in  in  excess  of  one  octave. 

Subsequently,  the  phase  has  shifted  over  18"  from  what  it  was  at  lower  pressures. 

Several  years  ago,  the  DSHD  began  using  spherical  sensors  at  pressures  up  to  70  Ml’a 
|5)  with  the  emphasis  being  on  sensitivity  stability.  A sphere  with  a d/t  ratio  of  8 made 
from  a Type  I material  experii  nees  a reduction  in  sensitivity  of  1 .5  dll  |6| , but  the 
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Table  1 — Two-Dimensional  Stress  Data  on  Sonu* 
Radially  Polarized  Cap  pod  Cylinders 
of  Typo  I and  Typo  111  Materials  with 
Difforont  Diameter-to-Wall  Tiiiokness  Ratios* 


Navy  Type 

d/t 

Ratio 

3f 

MPa 

70  MPa 

Afc3(%) 

A Mo  (dB) 

Afc.,(%) 

A Mo  (dB) 

Type  1 

6.3 

-10.6 

-1.0 

38 

- 3.0 

Type  III 

6.3 

0 

-0.8 

-57 

-2.5 

Type  1 

9.7 

0 

-1.0 

0 

-3.2 

Type  III 

9.7 

-27 

- 1.0 

-57 

-3.2 

•Names  of  material  manufacturers  arc  available  upon  request. 


dielectric  constant  behaves  much  like  that  of  the  cylindrical  configuration  with  a 15  18% 
decrease  at  35  MI’a  and  a 35  10%  decrease  at  70  MPa. 

In  addition  to  hydrostatic  pressure  effects,  temperature  also  has  a significant  effect 
on  the  dielectric  constant  of  lead  zirconato  titanate  ceramics.  Manufacturers’  data  indicate 
that  in  the  temperature  range  from  0 to  40° C the  dielectric  constant  of  Type  I material 
will  increase  from  5 to  15%,  that  of  Type  II  will  increase  15  to  25%,  and  that  of  Type  III 
will  increase  from  5 to  10%.  Obviously,  the  effect  of  temperature  on  the  dielectric  constant 
has  a direct  effect  on  phase  stability. 

These  material  considerations  lead  to  the  following  conclusions.  First,  a phase  refer- 
ence standard  using  a lead  zirconato  titanate  ceramic  sensor  should  be  phase  calibrated  as  a 
function  of  temperature,  hydrostatic  pressure,  and  frequency— especially  in  the  frequency 
range  two  decades  above  f0.  This  can  be  accomplished  in  situ  as  required  within  the 
constraints  previously  discussed.  Second,  a reference  hydrophone  whose  phase  is  not 
constant  at  frequencies  down  to  1 Hz  but  is  stable  with  temperature  and  hydrostatic 
pressure  is  preferable  to  one  whose  phase  is  constant  with  frequency  but  varies  with 
temperature  and  hydrostatic  pressure. 

Lithium  sulfate  is  the  preferred  sensor  material  for  a hydrophone  whose  phase  is 
virtually  independent  of  hydrostatic  pressure  and  temperature.  DSHD  measurements  in  a 
high-pressure  reciprocity  coupler  have  shown  that  the  dielectric  constant  changes  about 
0.0175%/A//Vi  at  hydrostatic  pressures  to  1 10  MPa.  In  the  temperature  range  from  0 to 
tO°C,  the  dielectric  constant  changes  less  than  2%  (0.047%/°C)  1 7 1 . The  volume  of  mate- 
rial required  may  exceed  desirable  /.’<»„  limitations,  and  the  capacitance  would  be  too  small 
to  have  fn  at  0.01  llz.  Rut  these  compromises  are  reasonable  for  the  best  phase  stability 
as  a function  of  hydrostatic  pressure  and  temperatures. 
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CONCLUSIONS 

For  a hydrophone  to  have  a constant  phase  response  down  to  1 Hz,  fD  must  be  set  at 

0.01  Hz.  This  gives  a TC  of  16  s,  which  makes  the  hydrophone  highly  susceptible  to  charge 
effects  from  temperature  and  pressure  changes. 

Bench-top  measurements  of  phase  via  a calibration  circuit  will  have  the  same  value  as 
those  derived  acoustically  if  the  size  of  the  sensor  is  such  that  ka0  < 10" 3 at  f < 100  Hz. 
At  infrasonic  and  low  audio  frequencies,  phase  measurements  can  be  made  in  situ  (i.e.,  the 
standard  can  be  phase  calibrated)  with  a calibrate  circuit  and  the  ka0  restriction.  No  error 
will  result  if  the  reactive  part  of  the  cable  impedance  is  several  orders  of  magnitude  greater 
than  the  calibration  resistors. 

The  dielectric  constant  of  lead  zirconate  titanate  changes  as  a function  of  temperature 
and  hydrostatic  pressure,  which  can  cause  a significant  change  in  the  phase  response  of  a 
hydrophone. 

Lithium  sulfate  is  the  preferred  sensor  material  for  a phase-stable  reference  standard 
even  though  its  dielectric  constant  is  two  orders  of  magnitude  less  than  the  ceramics. 
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TIIK  EFFECT  OF  RIGGING  INACCURACIES 
ON  COMPARATIVE  PHASE  MEASUREMENTS 

In  general,  most  requirements  for  electroacoustic  phase  measurements  are  for  low 
frequencies  (below  100  Hz).  For  accurate  determination  of  the  phase  response  of  an 
unknown  hydrophone  by  comparison  with  a standard  hydrophone,  the  acoustic  centers  of 
both  hydrophones  must  be  in  the  same  plane  normal  to  the  direction  of  the  acoustic  plane 
wave.  If  the  acoustic  centers  are  not  perfectly  aligned,  an  error  in  phase  results  due  to  the 
acoustic  delay  caused  by  the  relative  positions  of  the  standard  and  the  unknown  hydro- 
phones. If  the  two  acoustic  centers  are  displaced  a distance  Sd  in  the  direction  of  the 
plane  wave,  then  the  resulting  relative  phase  measurement  will  be  in  error  by 

2nf 

M c Ad,  (A1) 

where  f is  the  frequency  of  the  acoustic  wave  and  c is  the  propagation  speed  of  the  acoustic, 
wave.  From  Eq.  ( Al),  the  error  in  phase  due  to  a 1-cm  error  in  rigging  at  100  Hz  is 

,,  2 nf  ■ , 360 f . . 360(100) 

A0  = Ad  = Ad  = 1 —(0.01) 

c c 1500  V ’ 

A 0 = 0.24  degrees. 


For  a maximum  allowable  error  in  a phase  measurement  of  0,1°  due  to  rigging,  the 
maximum  rigging  error  is  given  as  a function  of  frequency  by  Fig.  Al.  Multiplying  the 
ordinate  of  Fig.  Al  translates  the  graph  to  a maximum  allowable  error  of  1.0°. 
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PHASE  RESPONSE  OF  A SPHERICAL 
HYDROPHONE  ELEMENT  DUE  TO  DIFFRACTION 

For  a spherical  hydrophone  element  ex|>osed  to  plane  acoustic  waves,  the  average 

pressure  over  the  spherical  surface  relative  to  the  free-field  pressure  in  the  absence  of  the 
sphere  is* 


"ff  1+(*a0)2 


"<(*««> + < >,•<*«„) 


(Ml) 


where  a is  the  radius  of  the  sphere,  k is  the  acoustic  wave  number,  and  n.  and  j are  spherical 
Neumann  and  Hessel  functions  of  the  first  kind.  The  phase  response  of  the  hydrophone  due 
to  the  diffracted  pressure  field  is  then 


and 


Then 


<>  = tan  1 

>!<*«„ > = 


n\V''ao\ 
sin(ko{) ) cos(ka0 ) 
(A-u,)"  (kao) 


« ,<*<!„)  = - 


sin{k,i0)  cos(ka0 ) 

<*o2 


0 = tan 


A'(l„  ) (A-<1(>  )c<>S(/.-fl()) 

(A'« , )simkao ) + eos(/oo  , ) 


(M2) 

(M3) 

(MO 

(MM 


Figure  Ml  is  a plot  of  the  phase  angle  between  the  free-field  pressure  and  the  response 
of  the  spherical  element  due  to  diffraction.  ' 


•I  A Henriqucz,  “Diffraction  Constants  of  Acoustic  Transducers,”  J.  Acous.  Soc.  Am.  36,  267-269(1964) 
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Appendix  C 

DERIVATION  OF  THE  CHARGE  VOLTAGE  EQUATION 

If  the  sensor-element  output  voltage  is  generated  by  changes  in  temperature  or 
hydrostatic  pressure,  the  preamplifier  input  voltage  generated  is  as  shown  in  Fig.  Cl  where 
es(t)  is  the  sensor  output  voltage  as  a function  of  time  t,  C is  the  sensor  capacitance,  R is 
the  total  shunt  resistance  across  the  sensor,  and  e,(f)  is  the  voltage  at  the  input  of  the 
preamplifier.  The  equation  for  the  current  in  this  circuit  loop  is 

es(t)  = i(t)R  + ~(i(t)dt,  t>0.  (Cl) 


Fig.  Cl  — Simplified  equivalent 
circuit  for  hydrophone  input 
charge  voltages. 


If  es(t)  is  a linear  function  of  time,  then 

es(t)  = At.  (C2) 


Substituting  Eq.  (C2)  into  Eq.  (Cl)  results  in 

At  = iR  + — dt. 


Taking  the  LaPlace  transform  gives 


A 

~T  = Hs)  R + 

s 


In  solving  for  7(s)  and  simplifying,  we  obtain 


Expanding  Eq.  (C5)  gives 


1 

s(s  + 1 /RC) 


/( s)  = AC 


1 

s + 1 IRC 


(C3) 


(C4) 


(C5) 


(C6) 


18 


NHL  HKPOHT  SMI  4 


Take  tin'  inverse  transform  of  Kq.  (Cti); 


iff)  - AC  /u(f)-o  ,/K< 

((f)  from  Kq.  (C7)  is 
o,(f)  - iff )K  « ARC  ^«(fl  <•  ,S()  , t > 0. 


Lot  S ^ . Thou  tho  voltage  o((0  from  Kq.  (C7)  is 


This  becomes,  in  ttio  timo  domain. 


(ft  = A RC , t ~ 0; 


\(t)-ARC^  l-o  fi')(  ,>0. 


(('7) 

(C8) 

(C9) 

(CIO) 


If  ,-l  » Afcf/’  dt  ♦ OdO Idt  whore  if/’  dt  and  dO/dt  ;m>  independent  constant  linear  functions 
of  time,  then 


If  dO  dt  0.  then 


Conversely  if  dl'idt  0.  then 


0,(0  - ( Mdl'ldt  + OdOldDHC  ^ l-o  t > 0. 

(MdPldt)RC  ^1  c , f > 0. 

( OdO  UiDRC  ^l-o  ,S'^  . t > 0. 


(Ci  n 


(Cl  2) 


(C13) 
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The  pyroelectric  sensitivity  of  a ceramic  sensor  is  computed  from  ttie  fundamental 
relationship  of  voltage,  charge,  and  capacitance  where 


V = 


Q 

C 


ton 


and  Q charge  per  unit  area  The  pyroelectric  effect  (M’/dO  I r is  given  in  manufacturers’ 
data  m units  of  charge  (l')  per  unit  area  (’.*  For  I’ype  l material,  Q 0.026  X 10  ~ 

C/m  ’’  Since  1 farad  1 coulomb/volt,  then  Kq . (01)  gives  the  pyroelectric  sensitivity  in 
volts  per  unit  area  (’. 

Now  consider  a spherical  sensor  of  Type  1 material  of  outside  radius  b 1.27  X 10  -m 
and  inside  radius  u 9.5  X 10  :<m.  The  capacitance  is  given  by 

(’=  Ui  Uh  , (02) 

(y~  a 

where  t K (,  c with  K\ being  the  free  relative  dielectric  constant  of  the  material  and 
, S.Sfi  V It)  in  the  permittivity  of  free  space.  K ^ 1300  for  Type  1 material, 

which  gives  a eapaeitanee  of  5.5  X 10  ■’  /•’  using  Kq.  (02). 


The  effective  electrode  area  of  the  sphere  is  given  by  the  fundamental  equation  of 
capacitance 


(03) 


where  .1  is  the  area  of  the  plates  and  d is  the  distance  between  the  plates.  For  the  sphere, 
d b a.  Substituting  h u in  Kq.  (03)  for  d and  Kq.  (02)  in  Kq.  (03)  for  (’,  we  obtain 


Solving  for  A gives 


(01) 


A -l  nub. 


(05) 


the  effective  electrode  area.  For  the  considered  sphere,  Kq.  (05)  gives  1.516  X 10 


•“Piezoelectric  Technology  llatii  for  Designers,"  t'levite  t'orp  , Heitforil,  Ohio,  ItHUi,  p ,U< 
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Using  Eqs.  (Dl)  and  (D5),  the  pyroelectric  sensitivity  can  now  be  expressed 
in  V/°C  as 

„ Q 0.026X  10-2  , 

E=  -(»)  = — -—10-9  d-516  X 10~3)  = 71.7  Vrc. 


(D6) 
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